Microemulsion is an attractive platform for fundamental and applied biomedical research because the emulsified droplets can serve as millions of compartmentalized micrometer-sized reactors in a single vessel.^[@ref1],[@ref2]^ For instance, water-in-oil (w/o) droplets are one of the commonly used miniaturized incubators for manipulation of a single gene, cell, or organism.^[@ref1],[@ref3]−[@ref5]^ The mini-incubators can maintain a local concentration of reagents at an effective level, allowing reduced sample consumption.^[@ref3]^ Recent development in active droplet sorting and manipulation techniques, such as those activated by dielectrophoresis,^[@ref6]^ fluorescence,^[@ref7],[@ref8]^ and standing surface acoustic waves,^[@ref9]^ has further promoted the droplet-based microfluidics for high-throughput *in vitro* screening. In addition, confined diffusion in the small volume of emulsified droplets benefits from efficient molecular transport and uniform mixing, thus resulting in reduction of reaction time.^[@ref10]^ Although microemulsion is an attractive platform for diverse biological applications, establishing a suitable emulsification system remains a significant challenge.^[@ref11]^ Formulation of stable w/o emulsions requires a proper surfactant for a specific water/oil pair. Surfactant is essential for maintaining the interfacial force between the two phases, thereby preventing the emulsion from collapsing or coalescing. Since any reagent entrapped in the w/o emulsion can come into contact with the polar portion of the amphiphilic surfactant, the composition of the surfactant is critical. The efficiency and performance of biological reactions in the microemulsion would be affected if there is any adverse interaction between the surfactant and the biomolecules or ionic components dissolved in the aqueous phase.^[@ref11]^

Microfluidics has recently emerged as an attractive strategy for the generation of well-controlled microemulsions.^[@ref2],[@ref12],[@ref13]^ Within the reported designs, polydimethylsiloxane (PDMS) is one of the most widely used polymers in soft lithography for the fabrication of microfluidic devices. However, when PDMS is in contact with conventional silicon and hydrocarbon oils, the polymer may swell or shrink, leading to device delamination or channel blockage, and thus unstable emulsion generation. Therefore, there is a growing trend in the use of fluorinated oil as an alternative in the generation of microemulsions, due to the minimized deformation of PDMS polymers.^[@ref11]^ Moreover, fluorinated oil has minimal interaction with biomolecules and higher solubility of respiratory gases than water, making it particularly appealing for long-term cell culture and tissue engineering applications.^[@ref4],[@ref14]^ Fluorosurfactants, or fluorinated surfactants, soluble in both water and fluorinated oil, are also less volatile and more stable at high temperature than hydrocarbon-based surfactants due to the stability of the carbon--fluorine bond.^[@ref11]^ Fluorinated emulsion is thus appealing, but the availability of fluorosurfactants is limited.^[@ref4],[@ref11],[@ref15]−[@ref18]^

Perfluoropolyethers (PFPE), a unique class of commercially available fluorosurfactants from DuPont, such as Krytox 157FSH, can generate emulsions in PDMS microchannels, but the emulsions are progressively unstable.^[@ref15]^ Moreover, the carboxylic hydrophilic head groups of PFPE would interact with many biomolecules or polyelectrolytes, limiting its appeal for biological applications. Commercially available surfactants with short fluorinated tails, such as 1*H*,1*H*,2*H*,2*H*-perfluoro-1-octanol (PFO), have been reported for the study of chemical reactions and screening of protein crystallization conditions.^[@ref19],[@ref20]^ However, this category of surfactants still suffers from the problem of nonspecific binding with proteins, such as fibrinogen.^[@ref21]^ Chemistry innovation has subsequently been demonstrated using amphiphilic molecules, such as perfluoropolyether and perfluoroalkyl chains, for the modification of the PFPE head groups.^[@ref4],[@ref17]^ Among these, the polyethylene glycol (PEG) based block copolymer has shown the most promising results in preventing nonspecific adsorption of biological materials, as well as enabling effective encapsulation of mammalian cells.^[@ref22],[@ref23]^ However, the modification chemistry is relatively complex and the optimized PEG reactant is not commercially available.^[@ref15],[@ref24]^ In this study, we present a novel biocompatible PFPE-based fluorinated surfactant by a facile synthesis of converting the ionic carboxyl head groups of PFPE into nonionic tris(hydroxymethyl)methyl groups (Tris) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). We further demonstrate the biocompatibility and versatility of PFPE--Tris by conducting three different biological reactions, namely, DNA polymeric nanoparticle production, enzyme detection with clinical samples, and cell cultures, in the PFPE--Tris-based w/o microemulsions.

Results and Discussion {#sec2}
======================

Synthesis and Characterization of the PFPE--Tris-Based Surfactant {#sec2.1}
-----------------------------------------------------------------

The amphiphilic characteristics of PFPE were modulated by the feed molar ratios of Tris to PFPE of 0.3, 0.5, 0.8, and 1.0. The viscosity of the final product increased with the increased molar ratio of Tris. For example, PFPE~1~--Tris~1.0~ became wax-like at room temperature (see Figure S1 in the [Supporting Information](#notes-2){ref-type="notes"}). The conversion of the COOH group into the nonionic Tris was verified by Fourier transform infrared spectroscopy (FT-IR) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). As the molar ratio of Tris increased, the absorbance peak at 1775 cm^--1^ (corresponding to a carboxylic acid C=O stretch of unreacted PFPE) decreased and was accompanied by the appearance of an absorption peak at 1675 cm^--1^ (corresponding to an amide C=O stretch). The maximal conversion plateaued at PFPE~1~--Tris~1.0~, when the absorbance peak of 1775 cm^--1^, representing the amount of the unreacted PFPE, completely disappeared. Additional increase of the Tris reactant did not result in significant change of the FT-IR spectrum (see Figure S1 in the [Supporting Information](#notes-2){ref-type="notes"}). To evaluate the performance of the modified PFPEs, we compared PFPE~1~--Tris~1.0~ with the unmodified PFPE in generating emulsions in a flow-focusing-based droplet generator,^[@ref10]^ using 2 wt % of surfactant dissolved in Novec HFE-7500 fluorinated oil as the continuous phase. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, when the unmodified PFPE was used, the w/o emulsions tended to coalesce and phase-separate immediately after collection in the tube. In contrast, PFPE~1~--Tris~1.0~-based emulsions exhibited superior stability, with droplets remaining a uniform micrometer-size during collection, with no obvious coalescence or phase separation observed even after one week of storage. We further demonstrated the applicability of PFPE--Tris surfactants for generation of multiphase emulsions. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d, water-in-oil-in-water (w/o/w) emulsions were prepared by a two-step emulsification process using two serially connected microfluidic chips, as demonstrated previously.^[@ref25]^ Briefly, the w/o emulsion formed in the first chip was flowed into the second chip, forming a highly stable w/o/w emulsion. This highlights the potential of PFPE--Tris in generating highly stable emulsions for multistep processing in biological studies.

![(a) Schematic illustration of the synthesis of PFPE--Tris surfactants with estimated composition and (b) the corresponding FT-IR spectra. The absorbance peak at 1775 cm^--1^ corresponds to the carboxylic acid C=O stretch of unreacted PFPE, whereas the absorption peak at 1675 cm^--1^ represents the converted amide C=O stretch. The maximal conversion occurred when the absorbance peak of 1775 cm^--1^, representing the amount of the unreacted PFPE, completely disappeared, at the feed molar ratio of 1.0. The percentage of conversion, shown as a table in (a), was estimated by the relative peak height on the FT-IR spectra. (c) Photographs of off-chip collected w/o emulsion generated by a flow-focusing droplet generator with 2 wt % unmodified PFPE or PFPE~1~--Tris~1.0~ dissolved in HFE-7500 as the oil phase. (d) Formation of water-in-oil-in-water (w/o/w) double emulsion by a two-step emulsification process using two integrated microfluidic chips (scale bar: 100 μm) and 2 wt % PFPE~1~--Tris~1.0~ in HFE-7500 as the oil phase.](nn-2014-00810n_0002){#fig1}

Preparation of DNA Nanocomplexes in PFPE--Tris-Based Microemulsions {#sec2.2}
-------------------------------------------------------------------

We then investigated the compatibility of PFPE--Tris in diverse droplet-based applications, including DNA nanocomplex synthesis, an enzymatic activity assay, bacterial growth analysis, and mammalian cell culture. We have previously shown that the self-assembly of polycation and plasmid DNA in a confined picoliter-sized volume, as in microfluidics-generated droplets, would lead to nanocomplexes (or polyplexes) that are more uniform in size, more compact, and higher in transfection efficiency.^[@ref10],[@ref26],[@ref27]^ The choice of a surfactant is critical because the polycation or DNA might interact with the polar end of the surfactant. In this study, we first addressed the issue of interaction by mixing the polycation (jetPEI) and DNA in w/o emulsion droplets prepared by bulk-mixing. This configuration would not generate uniform droplets but would eliminate any possible complications coming from interaction of the reactants with the PDMS microchannels. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the transfection efficiency of the polyplexes synthesized in the fluorinated microemulsions was correlated with the composition of the surfactants. At N/P ratio = 5, defined as the ratio of nitrogen (N) in the polymer to phosphate (P) in the nucleic acid, the percentage of HEK cells transfected (GFP^+^ cells; GFP = green fluorescent protein) was only 4% when the unmodified PFPE was used, compared to 60% in the positive control obtained from a standard transfection protocol using commercially available jetPEI without any involvement of surfactant ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). As the Tris component in PFPE increased, the transfection efficiency increased toward the 60% transfection level. In addition to comparing the percent of cells transfected, we also assessed the transfection efficiency by measuring the total fluorescence intensity. The data normalized to the control are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. Again, at a N/P ratio of 5 or 6, the transfection level was below the control with the unmodified or lightly modified PFPE (PFPE~1~--Tris~0.3~), but equaled or exceeded the control at higher N/P ratios.

We hypothesized that the poor transfection observed at the low N/P ratios was caused by interactions between the negatively charged carboxyl group of PFPE and the positively charged jetPEI molecules. This was inferred in an experiment where 100% of the DNA could be recovered from w/o emulsions stabilized with all the surfactants tested (Figure S2 in [Supporting Information](#notes-2){ref-type="notes"}) and corroborated by the transfection results using a luciferase reporter gene at N/P = 8, when the excess polycation would compensate for any loss in the interaction with the unmodified PFPE and PFPE~1~--Tris~0.3~ ([Figure S3](#notes-2){ref-type="notes"}).

The compatibility of PFPE~1~--Tris~1.0~ with microfluidic usage was then established in the synthesis of polyplexes in a w/o emulsion generated in a PDMS microchannel ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d shows that, even at the low N/P ratio of 5, the percentage of cells transfected was higher than the positive control, as evidenced by the shift toward higher GFP intensities. Collectively, the results of [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,d and [S3](#notes-2){ref-type="notes"} confirmed that the polyplexes synthesized in the confined volume of a w/o droplet could perform as well as, or better than the polyplexes prepared in bulk. This is consistent with our previous observations that self-assembly of these nanocomplexes in a small confined volume is advantageous and that the choice of a suitable surfactant is important.^[@ref10],[@ref26]^

![Transfection efficiency of jetPEI polyplexes synthesized in w/o emulsion droplets stabilized with different synthesized surfactants. (a) Percent of cells transfected and (b) relative fluorescence intensity of transfected GFP^+^ cells (*n* = 3). The w/o emulsion in (a) and (b) was formed by the vortexing method. (c) Setup of microfluidic-assisted synthesis of jetPEI polyplexes using PFPE~1~--Tris~1.0~ and at a N/P ratio of 5 (scale bar: 200 μm) and (d) the corresponding transfection efficiency measured by GFP^+^ and GFP^--^ cell population in the GFP/FSC plot. The cells without any treatment were used as a negative control to identify GFP^--^ cells. Standard jetPEI polyplex formulation, without emulsion treatment, was used as a positive control.](nn-2014-00810n_0003){#fig2}

Enzymatic Activities at the Single-Cell Level {#sec2.3}
---------------------------------------------

To further investigate the biocompatibility of PFPE--Tris, we conducted an enzymatic activity assay in the droplets based on the previously developed REEAD (rolling-circle enhanced enzyme activity detection) on a chip setup.^[@ref28],[@ref29]^ Briefly, cell suspension, a low salt buffer, and DNA REEAD substrate(s) designed to specifically monitor the activity of the enzyme topoisomerase I (TopI) were entrapped in w/o emulsion droplets generated in PDMS microchannels using PFPE~1~--Tris~1.0~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). TopI released by cell lysis interacted with the REEAD substrates, forming closed DNA circles. Subsequently, droplets were collected on a drop-trap placed on top of a primer-activated glass slide ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Here the enzymatic products, *i*.*e*., the closed DNA circles, would hybridize to a specific primer printed on the glass surface and were subjected to isothermal rolling circle amplification (RCA, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). Hybridization of appropriate fluorescent probes to the RCA amplified product allowed the enzymatic activity to be quantified through the detected fluorescent signals observed in a fluorescence microscope. We demonstrated the utility of the REEAD assay in detecting *Plasmodium* parasites that are present in saliva of malaria-infected patients^[@ref30]^*via* the detection of *Plasmodium* topoisomerase I (pTopI). The saliva sample was introduced into the droplets along with the REEAD substrates recognized by *Plasmodium* topoisomerase I (pTopI) and human topoisomerase I (hTopI), respectively.^[@ref29]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d indicates that enzymatic activities of pTopI (red) and hTopI (green) originated from the parasites and the human cells, respectively, were detectable in the saliva of the patient. These experiments showed that PFPE~1~--Tris~1.0~ did not interfere with any of the steps in the assay and that it would be suitable for cell-based lab-on-chip diagnostics.

![Detection of enzymatic activities for diagnostics by (a) confining the topoisomerase I (TopI) reaction in w/o emulsion droplets, (b) collection and air drying of droplets in a drop-trap, and then (c) performing isothermal rolling circle amplification (RCA) reaction initiated by hybridization of the closed DNA circle with a specific primer printed on the glass surface. (d) Detection of malaria-causing *Plasmodium* parasites in saliva sample. *Plasmodium* TopI (red) activity is clearly differentiated from human TopI (green) activity. Scale bar: 25 μm.](nn-2014-00810n_0004){#fig3}

Cell Culture and Long-Term Cultivation in Microemulsions {#sec2.4}
--------------------------------------------------------

Finally we examined if the w/o emulsion and w/o/w double emulsion stabilized by PFPE~1~--Tris~1.0~ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d) would be suitable for cell culture and cell-cluster cultivation. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows GFP-expressing *Escherichia coli* (*E. coli*) entrapped in an individual w/o emulsion droplet collected on the drop-trap. The rapid bacterial growth was monitored by the increase in GFP signal. The bacterial growth curve ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) displayed the typical three phases: lag phase, exponential growth phase, and stationary phase. Interestingly, the bacterial growth rate appeared to inversely correlate with the culture volume given the same starting cell density. This may be attributed to the more efficient gas transport that benefits bacterial growth in the smaller culture volume. The culture in 50 μL had a much shallower depth of medium in the culture dish than the 2 mL culture. The 250 pL droplet in turn had a much higher surface-to-volume (S/V) ratio than the culture dish format. This is consistent with literature reports that bacterial growth rates are highly dependent on the S/V ratio of liquid cultures.^[@ref31]^ The *E. coli* observed outside the intact droplet at 15 h came from bacteria bursting out of other droplets in the drop-trap collection.

Compared to bacteria, mammalian cells are more sensitive to their cultivation conditions. Mammalian cells cultured in w/o emulsion droplets often suffer from local acidification of culture medium and high osmolarity caused by accumulation of two major cellular metabolic byproducts, lactate and ammonium ions.^[@ref32]^[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c shows the encapsulation of bone marrow-derived human mesenchymal stem cells (hMSCs) in w/o/w double emulsion, where the thin (∼15--20 μm) oil layer (HFE-7500) allowed nutrient and waste product exchange between the interior and exterior aqueous environment of the droplet.^[@ref25]^[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d shows that hMSCs cultured in these w/o/w droplets maintained their viability (\>85%) for at least 4 days (Figure S4 in the [Supporting Information](#notes-2){ref-type="notes"}). There was a good correlation between cells in the bright field and those under fluorescence imaging, where the green signal indicated live cells stained by calcein-AM. Another indication of the compatibility of the surfactant is the morphology of the hMSCs in the droplet. hMSCs are anchorage-dependent cells,^[@ref33]^ which adhere to a culture dish and spread in standard culture conditions. Shown as a comparison in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e, the hMSCs cultured in the emulsion droplets initially showed a rounded morphology at 2 h, but spread at later time points, suggesting that the PFPE~1~--Tris~1.0~-stabilized interface could serve as a support for hMSC attachment. It must be noted that formation of hMSC aggregates or clusters, which also happened in these droplets, could also be valuable for differentiation purposes.^[@ref25]^ The important point is that the hMSCs can retain their viability in these droplets.

![Use of PFPE~1~--Tris~1.0~-stabilized emulsions for bacterial or mammalian cell culture. (a) Confocal images of GFP-expressing *E. coli* cultured in w/o emulsion droplets (250 pL) collected in a drop-trap; (b) their corresponding proliferation rate and comparison with conventional batch/bulk culture (50 μL or 2 mL) (*n* = 5). (c) Photographs of two-step microfluidic encapsulation of bone marrow-derived human mesenchymal stem cells (hMSCs) in w/o/w double emulsion; fluorescence images of the encapsulated hMSCs for (d) cell viability assay and (e) cell attachment and spreading observation at the indicated time points taken by a fluorescence microscope. The live cells were stained with calcein-AM (green), and the oil layer composed of 2 wt % PFPE~1~--Tris~1.0~ in HFE-7500 was stained with DAPI (red).](nn-2014-00810n_0005){#fig4}

Conclusions {#sec3}
===========

Surfactant development is underappreciated. Yet it is central to the development of any microemulsion-based applications. The limited choice of commercially available surfactants motivated us to come up with an alternative. In this study, we describe a series of PFPE--Tris-based surfactants that can be readily synthesized in any lab and demonstrate their suitability in the production of stable single and double emulsions. We further establish their compatibility with diverse emulsion-based biological applications, including synthesis of DNA-based polymeric nanoparticles, investigation of enzymatic activities in saliva for diagnosis of infectious disease, and culture of bacterial and mammalian cells. This study is expected to accelerate the development in microemulsion-based biological assays, particular those associated with microfluidics, by providing an easy-to-synthesize fluorosurfactant.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

DuPont Krytox 157-FSH (a perfluoropolyether, MW 7000--7500) and 3M Novec HFE-7100 and HFE-7500 were purchased from Miller-Stephenson Chemical Co. Inc. (Danbury, CT, USA). All other analytical grade chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Synthesis of PFPE--Tris {#sec4.2}
-----------------------

The PFPE--Tris was synthesized *via* a two-step process: (1) PFPE--COOH to PFPE--COCl and (2) PFPE--COCl to PFPE--Tris. First, the PFPE was treated with thionyl chloride (SOCl~2~), a commonly used compound in organic synthesis, to convert the carboxyl end group to an acyl chloride group, due to the ease of purification.^[@ref34]^ Briefly, SOCl~2~ (0.81 g, 6.897 mmol) in a 10:1 molar excess relative to the PFPE was added to an HFE-7100 solution of PFPE (5 g, 0.6879 mmol) in a three-neck flask purged with argon gas. The reaction was refluxed with a condenser and stirred for 24 h at 50 °C. The resulting mixture was concentrated using a rotary evaporator while excess SOCl~2~, hydrochloric acid, and sulfur dioxide byproducts, all being gaseous compounds, were removed under vacuum.^[@ref34]^ The obtained PFPE-COCl was then used to prepare PFPE--Tris. In the second step, a mixture of HFE-7100 (10 mL) and benzotrifluoride (6 mL) was added to dissolve PFPE--COCl, followed by the addition of respective amounts of tris(hydroxymethylaminomethane) (0.025, 0.042, 0.067, or 0.084 g) under a slow argon purge. The refluxing reaction was conducted at 60 °C for 24 h. The purification of unreacted Tris, if there was any, employed the water solubility of Tris, as elaborated in the following. The crude product was first obtained by evaporation of the solvents, HFE-7100 (boiling point: 61 °C) and benzotrifluoride (boiling point: 103.46 °C), using a rotary evaporator. The obtained product was then redissolved in a small amount of HFE-7100, along with excess water for the extraction of unreacted Tris (note that Tris is soluble in water but not in fluorocarbon oil). Due to the higher density of HFE-7100 compared to water, the top layer would be the water phase containing the unreacted Tris. This phase could then be easily discarded subsequently. The same purification procedure was repeated five times. Finally, the purified surfactant was then dried under vacuum (in a yield of ca. 68--80%). The synthesized PFPE--Tris was analyzed by Fourier transformed infrared spectroscopy (Thermo Scientific Nicolet 6700 FT-IR spectrometer, Madison, WI, USA) to gauge the fraction of PFPE being converted to PFPE--Tris.

Fabrication of PDMS Chips {#sec4.3}
-------------------------

All microfluidic chips were fabricated using conventional soft lithography techniques.^[@ref35]^ PDMS prepolymer was cured on an SU-8 Master (MicroChem, Newton, MA, USA) followed by bonding of fabricated PDMS onto a glass slide. PDMS prepolymer (Sylgard 184 silicone elastomer kit, Dow Corning, Midland, MI, USA) was prepared by mixing PDMS monomer base and curing agent in a 10:1 mass ratio, then applied to the SU-8 Master layered on a silicon wafer placed in a Petri dish and cured at 70 °C for 1 h. Solidified PDMS replica was peeled off from the wafer, cut out, and hole punched (hole puncher, Technical Innovations, Brazoria, TX, USA) as tubing inlets and outlets. To close the channels, the obtained PDMS chip was bonded to a cover slide coated with or without a thin layer of PDMS through thermal curing or oxygen plasma treatment for 30 s at 20 W (Plasma Asher, Quorum Technologies, West Sussex, RH, USA), respectively. The bonded PDMS chip was then left in an oven at 95 °C overnight to enhance the bonding strength. To increase the hydrophilicity of the PDMS microchannels for the formation of the w/o/w double emulsion, the oxygen plasma-treated chip was coated with poly(acrylic acid) following a reported protocol.^[@ref36]^ The channel depth of the produced chips is around 50--70 μm.

Synthesis of jetPEI/DNA Nanocomplexes {#sec4.4}
-------------------------------------

To determine if the synthesized PFPE--Tris surfactants could offer a compatible interface for emulsion droplets as biocompatible microreactors, 50 μL of jetPEI (Polyplus-Transfection Inc., New York, NY, USA) was added to 50 μL of DNA solution under gentle vortex (following the manufacturer's protocol), and this 100 μL mixture was immediately added into an equal volume of HFE-7500 oil containing 0.5 wt % PFPE surfactant and vortexed for an additional 1 to 2 s.

Alternatively, jetPEI/DNA complexes at a N/P ratio of 5 were synthesized in picoliter droplets (∼1250 pL) generated by a flow-focusing microfluidic device. The HFE-7500 carrier oil with low surfactant concentration (0.05 wt % PFPE~1~--Tris~1.0~) was used to provide enough emulsion stability and but could be easily broken down using a droplet-breaking agent (Droplet Destabilizer, RainDance Technologies, in 1:4 volume ratio). The flow rate of three streams of aqueous reagents (*i*.*e*., jetPEI, 0.15 M NaCl, pDNA) and carrier oil was controlled at 15 and 45 μL/min, respectively. W/O emulsions containing microfluidic-generated DNA nanoparticles were incubated for 15 min in a microcentrifuge tube, broken with droplet-releasing agent, and an aqueous phase containing the DNA nanoparticles was taken for cell transfection.

*In Vitro* Transfection {#sec4.5}
-----------------------

At 24 h prior to transfection, human embryonic kidney (HEK) 293 cells (ATCC CRL-1573) were seeded (1 × 10^5^ cells/well) in 24-well plates and grown in complete media (MEM supplemented with 10% FBS, 2 mM [l]{.smallcaps}-glutamine, 50 U/mL penicillin, and 50 U/mL streptomycin, Invitrogen, Carlsbad, CA, USA). Prior to transfection, the media were removed and replenished with reduced-serum media (Opti-MEM) containing jetPEI/DNA complexes at a concentration of 1 μg DNA/well. Each preparation was performed in triplicate. At 4 h post-transfection, the transfection media containing nanocomplexes were replaced with FBS-containing media. To quantify GFP transfection efficiency, cells were incubated for 24 h post-transfection, detached by 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA), and fixed using 4% paraformaldehyde. Cells were analyzed by a flow cytometer equipped with a 488 nm argon laser (FACS Calibur, BD Biosciences, Franklin Lakes, NJ, USA). To quantify luciferase expression, cells were incubated for 48 h post-transfection and lysed with 160 μL of Glo lysis buffer (Promega, Madison, WI, USA), and cell debris was removed by centrifugation (15 000 rpm, 5 min). Subsequently, 50 μL of Steady-Glo luciferferase assay reagent (Promega, Madison, WI, USA) was added to 50 μL of the supernatant lysate. After 5 min, relative luminescence of the sample was determined by a microplate reader (FLUOstar Optima, BMG Labtech GmbH, Germany) and normalized to the total cell protein concentration by the bicinchoninic acid (BCA) protein assay.

Enzymatic Activity Assay {#sec4.6}
------------------------

The enzymatic activity assay was conducted by using a previously developed microfluidic setup consisting of a flow-focusing droplet generator and a drop-trap.^[@ref28],[@ref29]^ All oligonucleotides for construction of TopI DNA substrates, PCA primer, and fluorescently labeled detection probes were purchased from DNA Technology A/S (Risskov, Denmark). The sequences of the used oligonucleotides have been published previously.^[@ref29],[@ref37]^

The saliva sample^[@ref29]^ from the patient was introduced into the droplet generator, along with the lysis buffer (10 mM Tris-HCL pH 7.5, 0.5 mM EDTA, 1 mM DTT, 1 mM PMSF, 0.2% Tween 20) and hTopI and pTopI substrates (final concentration were 67 and 167 nM, respectively in the droplets). The generated droplets were harvested in Eppendorf tubes and placed on a primer-printed glass slide (CodeLink activated slides from SurModics) prepared as in the previous report.^[@ref29]^ The PDMS drop-trap was gently placed on top of the glass slide. The geometry of the drop-trap was designed according to the size of generated droplets. The droplets were left to exsiccate for 16 h. Washing, RCA, and hybridization of probes were performed as previously described.^[@ref37]^ Epifluorescent and bright field images were captured with an inverted fluorescence microscope (Axio Observer, Zeiss, Germany). Monocolor emission from each fluorophore was collected and filtered through appropriate filters and dichroics. Image processing and analysis was performed with MetaMorph (v.7.6.5).

Bacterial Growth in Emulsion Droplets {#sec4.7}
-------------------------------------

GFP-expressing *Escherichia coli* (*E. coli*) were grown at 37 °C under shaking at 250 rpm for 24 h in M9 growth medium with 0.1% kanamycin to allow saturation. On the following day, a 1/10 dilution of saturated *E. coli* culture in fresh medium was made and used for bacterial encapsulation in w/o emulsion, which was performed in a flow-focusing droplet generator at a control flow rate of 5 μL/min for both disperse phase (diluted bacterial culture) and continuous phase (2 wt % PFPE~1~--Tris~1.0~ in HFE-7500 oil). Generated w/o emulsion droplets were collected off-chip, reinjected into a trapping array, and analyzed for GFP signal (500--600 nm) under illumination of 488 nm using confocal laser scanning microscopy (Leica TCS SP5, Germany). The obtained images were further analyzed using ImageJ software to quantify GFP fluorescence signal intensity per droplet.^[@ref25]^ Five individual droplets were defined as region of interest (ROI) for analysis to obtain a data point. In addition, the proliferation rate of GFP-*E. coli* in conventional batch/bulk culture (50 μL or 2 mL) was assayed using a 96-well microplate reader (FLUOstar OPTIMA, BMG Labtech) with an excitation filter of 485 nm and an emission filter of 520 nm to quantify GFP signal. The obtained signal or fluorescence intensities were normalized to the initial value (time = 0 h).

Encapsulation of hMSCs in W/O/W Emulsion {#sec4.8}
----------------------------------------

Double emulsion droplets were generated using a two-microfluidic-chip setup where the w/o emulsions were first formed in an untreated PDMS chip and then fed to a hydrophilic (poly(acrylic acid)-coated) chip to generate w/o/w double emulsions.

Bone marrow-derived hMSCs were kindly provided by Tulane University Health Sciences Center. Cells were cultured in α-minimum essential medium with 20% fetal bovine serum and 1% penicillin/streptomycin at 37 °C and 5% CO~2~. The 5--10th passages of the obtained hMSCs were used in this study. For cell encapsulation experiments, cells were trypsinized and suspended at (0.5--1) × 10^7^ cell/mL in culture medium supplemented with 0.1 wt % Pluronic F-127. The oil phase used was HFE-7500 supplemented with 2 wt % PFPE~1~--Tris~1.0~ surfactant. The outer water phase used was culture medium supplemented with 5 wt % Pluronic F-127. The flow rates of three phases in emulsion generation (inner medium:middle oil:outer medium) were chosen to be 5:5:15 μL/min respectively.^[@ref25],[@ref38]^ The formed double emulsion geometry of ∼100 μm in diameter with a thickness of the oil layer around 15--20 μm was chosen, yet not optimized, for both stable double emulsions and high cell viability, given the experimental conditions, such as culture conditions and cell density, defined as mentioned above. However, a range of oil layer thickness (6.4--20 μm) was tested, and no major difference was observed in terms of cell viability, most likely due to the (1) good oxygen solubility and (2) comparable diffusion coefficient in fluorocarbon and in water.^[@ref39]^ The droplets were collected and transferred to 96-well plates for subsequent culture and analysis. Cell viability was assessed by adding calcein-AM (Molecular Probes, Eugene, OR, USA),^[@ref4],[@ref23],[@ref40]^ a nonfluorescent and cell-membrane-permeable compound, into the external culture medium, and the mixture was incubated for 20--40 min before imaging, according to the manufacturer's protocol. The calcein-AM was able to pass through the oil layer of the w/o/w double emulsions and be converted to green fluorescent calcein when hydrolyzed by intracellular esterases in live cells. Survival rate was evaluated by the ratio of emulsions containing live cells (green, calcein-AM^+^) in all the emulsions examined (Figure S4 in the [Supporting Information](#notes-2){ref-type="notes"}).
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\(1\) Photograph of the synthesized PFPE--Tris surfactants with increasing the feed molar ratio of Tris to PFPE from 0.3 to 0.5, 0.8, and 1.0 and their full-scale FT-IR spectra. (2) Comparison of FT-IR spectra of the synthesized PFPE--Tris surfactants at Tris/PFPE feed molar ratios of 1.0 (PFPE~1~--Tris~1.0~) and 1.2 (PFPE~1~--Tris~1.2~). (3) Amount of DNA recovered from the w/o emulsion after disrupting the droplets by a droplet-breaking agent. (4) Luciferase activities of the transfected cells. (5) Survival rate of hMSCs cultured in the emulsion droplets. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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